The present study provides new magnetic and microstructural data for the Eaux-Chaudes granodioritic massif (Western Axial Zone, Pyrenees) and contributes to the understanding of its geometry, internal structure and emplacement mechanism. Moreover, the geological crosssections and field data allow to reconstruct the evolution of the whole area from Variscan to Alpine times and to integrate the emplacement of the igneous body in the context of the Variscan orogeny. The Eaux-Chaudes pluton (301 ± 9 Ma) is mainly composed by granodiorite, describing a normal compositional zoning and an approximately concentric arrangement that is consistent with the zonation of the low-field magnetic susceptibility. Magnetic foliation is subhorizontal in the inner part of the intrusion and becomes parallel to the petrographical contacts along pluton margins, roughly describing the geometry of the intrusion. Magnetic lineations are dominantly subhorizontal, with E-W to ENE-WSW directional maximum. The general parallelism between Variscan structures of the host rock and the geometry and magmatic fabric of the intrusion reveals a late syn-Variscan emplacement. The tectonic regime registered during magma emplacement is in agreement with an N-S shortening and an E-W stretching direction, consistent with the transpressive regime deduced for other Pyrenean intrusions. Alpine overprint produced a slight tilting in the southern part of the intrusion, but it can be considered that the original Variscan structure is basically unchanged.
Introduction
The Pyrenean Axial Zone, located in the inner part of the range, shows a complex structure that is mainly due to the superimposed Variscan deformation (Late Carboniferous) and the Alpine overprint (Late Cretaceous to Miocene). Reactivation of previous Variscan structures constitutes probably an important deformation mechanism during Alpine tectonics and precludes the accurate chronological and kinematic analysis of tectonic phases related to the first orogenic event.
The Pyrenean Palaeozoic orogen includes more than 20 magmatic bodies whose internal structure is essential to reconstruct the Variscan evolution in the Pyrenees. The advantage of studying these magmatic bodies is that they act as kinematic markers since they preserve magmatic structures that record the deformation related to the late stages of upwelling and/or the tectonic regime during magma emplacement and cooling (Pitcher 1979; Brun and Pons 1981; Hutton 1988; Paterson et al. 1989; Lagarde et al. 1990 ). In the Pyrenean range, previous structural studies in Palaeozoic plutons (Leblanc et al. 1996; Evans et al. 1998; Gleizes et al. 1998a Gleizes et al. , b, 2001 Gleizes et al. , 2006 Román-Berdiel et al. 2004 Auréjac et al. 2004 , Antolín-Tomás et al. 2009 ) have established that their emplacement took place under a dextral transpressive regime, coeval with the latest stages of the main Variscan tectonic phase (the so-called D2, Soula et al. 1986 ).
The Eaux-Chaudes intrusion is one of the last Pyrenean igneous bodies not yet analysed from the structural point of view. It is the westernmost Palaeozoic pluton of the Pyrenean Axial Zone (Fig. 1 ) and crops out close to the Cauterets-Panticosa intrusion (Gleizes et al. 1998b) , whose western edge is located less than 3 km south-east of the Eaux-Chaudes intrusion. Taking into account its location, Eaux-Chaudes constitutes an interesting domain in order to test the extent and evolution of the Variscan transpression at the western part of the Axial Zone. In spite of the small size of the pluton (less than 19 km 2 ), the outcrop conditions make the Eaux-Chaudes intrusion an interesting magmatic body for two main reasons: (1) variable topography allows to study a 1,200 m-long vertical profile and (2) Upper Cretaceous units overlying the pluton allow to decipher the influence of Alpine deformation on the Variscan structure of the magmatic units and Palaeozoic rocks.
The main objective of this study is to determine the internal structure of the pluton by means of anisotropy of magnetic susceptibility (AMS). AMS is an appropriate technique to determine the structure and fabric of weakly deformed rocks such as Variscan Pyrenean granitoids. Magnetic measurements were carried out across the intrusion and combined with microstructural and field observations of the igneous body and the country rocks. In addition, magnetic mineralogy was tested by means of variability of magnetic susceptibility with temperature and AMS results were compared to image analyses of rock microstructure.
Geological setting
The Eaux-Chaudes intrusion belongs to the Pyrenean Axial Zone (Fig. 1) , a fragment of the southern part of the European Variscan orogenic belt that has been reworked during the Alpine orogeny. The Axial Zone is composed by sedimentary, metamorphic and igneous rocks ranging from Upper Proterozoic to Carboniferous. It shows a complex structure, whose principal and more extensive features are related to the main Variscan tectonic stage, the previously mentioned D2 phase (Soula et al. 1986; Gleizes et al. 1998a) . This tectonic phase is characterized by a compressional-transpressional regime, related to large-scale south-verging thrusting, widespread penetrative deformation and, dextral shear motion accompanied by granite intrusions (Leblanc et al. 1996; Evans et al. 1997 Evans et al. , 1998 Gleizes et al. 1998b Gleizes et al. , 2001 Román-Berdiel et al. 2004 Auréjac et al. 2004 ). The Variscan structure of the Axial Zone was modified during the Alpine orogeny, which gave rise to the uplift of Palaeozoic units in the core of the Pyrenean range. The studied area is located in the northern part of the south-verging Gavarnie thrust sheet, emplaced during Late Eocene-Early Oligocene times ( Fig. 1 ) (Teixell 1996) . Northwards of the studied area, Mesozoic and Palaeozoic units are affected by the Eaux-Chaudes Alpine fold-thrust system. This structure connects to the West with the Lakora thrust, that can be considered as the result of Late Cretaceous-Eocene tectonic inversion of the southern margin of the North-Pyrenean Mesozoic basin (Velasque et al. 1989; Teixell 1992) . Therefore, the Lakora and Gavarnie nappes define a piggyback-sequenced imbricate thrust system developed during the Tertiary Pyrenean compression.
The Eaux-Chaudes intrusion is surrounded by Lower and Middle Devonian rocks: at the southern and eastern Fig. 1 Simplified geological map of the Pyrenees and location of the studied area, in the western sector of the Axial Zone margins, the pluton is in contact with Lochkovian-Praguian units (20 m of alternating shales and limestones at its base and 100 m of massive limestones to the top) and, at its western border, with a sequence of Emsian-Givetian shales that reach a maximum thickness of 300 m . Towards North, the pluton disappears below the Upper Cretaceous units, unconformably lying on the Palaeozoic rocks (Fig. 2a) . The intrusion developed a 1-km-wide metamorphic aureole (Costes 1973) (Fig. 2a) and shows a normal compositional zoning (Debon 1976) . It essentially consists of two main granodiorite types with an approximately concentric distribution (Fig. 2a) : biotite-bearing granodiorite in the core evolving to biotite and amphibolebearing granodiorite towards the periphery of the intrusion. Both granodiorite types are apparently isotropic. Biotitebearing granodiorites show a fine to coarse grain size and biotite and amphibole-bearing granodiorites show a medium to coarse grain size . Fine-grained leucogranitic bodies crop out at the eastern edge of the magmatic body, emplaced in the Devonian units or in the contact between the granodiorite and the Devonian host rock. Leucogranites represent the last stages of the magmatic zoning in several plutonic bodies such as Panticosa (Debon 1972) , Marimanha (Palau i Ramirez 1998) or Maladeta (Charlet 1968 (Charlet , 1979 but also crop out independently from the large and zoned plutons, as small layered and boudinaged bodies emplaced at various levels of the Palaeozoic sedimentary sequence (Wickham and Oxburgh 1986) .
Crystallization ages of Variscan plutons are poorly constrained in the westernmost part of the Axial Zone. The available geochronology reveals two Zircon U-Pb data yielding an age of 301 ± 7 Ma at the eastern part of the Cauterets massif (Guerrot 1998) and an age of 301 ± 9 Ma in the core of the Eaux-Chaudes intrusion (Guerrot 2001) . These U-Pb ages are similar to those obtained in the plutons emplaced in the eastern and central part of the Axial Zone: 307 ± 1 Ma for Saint Arnac (Olivier et al. 2004 ), 307 ± 3 Ma for Quérigut (Roberts et al. 2000) , 305 ± 3 Ma for Mont-Louis-Andorra (Romer and Soler 1995; Maurel et al. 2004 ), 312 ± 3 Ma for Bassiès (Paquette et al. 1997 ) and 309 ± 4 Ma for Bordères-Louron (Gleizes et al. 2006 ) (see Fig. 1 for location). A younger, Permian age (267 ± 1 Ma) has been recently obtained for the Aya pluton (Denèle et al. 2011) (Fig. 1 ) from U-Pb on zircon fractions.
Field and microstructural data

Variscan structure
The main Variscan structures in the western part of the Axial Zone are hectometric-to kilometric-scale recumbent folds (Matte 2002) , affecting the Devono-Carboniferous units. These folds have N-S to NW-SE trends, show a W to SW vergence, and are related to a weak subhorizontal pressure-solution cleavage that appears locally in the pelitic rocks (Matte 2002) . These recumbent folds are affected by a subsequent tectonic Variscan event that formed E-W trending, upright to south-verging folds. Cleavage related to this second Variscan stage is dominant throughout the western part of the Axial Zone and shows a prevailing ESE-WNW strike, with steeply to subvertical dips (Fig. 2b) . Its orientation changes slightly in the vicinity of the Eaux-Chaudes intrusion, where cleavage trajectories wrap or adapt to the pluton geometry ( Fig. 2a ) (Autran and García-Sansegundo 1996) . Cleavage development is consistent with south-verging kilometric reverse faults, such as the Sagette fault, located south-east of the Eaux-Chaudes intrusion (Fig. 2a) . Stretching lineations on cleavage planes are generally subparallel to the dip direction of cleavage planes, but locally subhorizontal lineations have been observed.
Alpine deformation
North of the magmatic body, two main alpine thrusts can be recognized: the Eaux-Chaudes and Eaux-Bonnes thrusts. The Eaux-Chaudes thrust superposes Upper Cretaceous and Triassic units over the Upper Cretaceous rocks that unconformably overlie the intrusion (Fig. 3a, b) . A south-verging recumbent anticline developed in the hanging wall of this thrust (Fig. 3b) . It is cut across by thrust planes involving Palaeozoic units (Gourzy klippe) or overturned sequences of Palaeozoic and Upper Cretaceous rocks (Cézy klippe and its continuation in the western margin of the Ossau valley) (see Fig. 2a ). The Upper Cretaceous rocks are affected by penetrative cleavage, with two dominant strikes (see Fig. 2c ): E-W-striking, shallowly North-dipping cleavage planes, parallel to the direction of the main thrust, and N060°E-striking and NW dipping cleavage planes, oblique to the transport direction. This NE-SW-striking cleavage was interpreted by Choukroune and Séguret (1973) as a late Alpine deformation whose orientation is consistent with the alpine dextral shear regime proposed by OlivaUrcia et al. (2010) . Alpine cleavage also affects the Palaeozoic units of the Western Axial Zone (Autran and García-Sansegundo 1996; Matte 2002; Rodríguez-Méndez 2011) . It strikes E-W to ENE-WSW and dips to the North, closely approximating the orientation of the main Variscan cleavage.
Alpine deformation overprint in the granodiorites is scarce and heterogeneously distributed. In the NW edge of the intrusion, a NW-SE Alpine fault cuts across the granodiorite (Fig. 2) . In the northern margin, an E-W-striking monocline affects Upper Cretaceous rocks: Cretaceous bedding is subhorizontal in its southern limb and dips approximately 35°N in its northern limb. Since the behaviour of the basement is more rigid, the counterpart of this structure in the pluton must be a series of reverse or subvertical faults, as interpreted in other granites of the Axial Zone (Casas et al. 2003) . However, in spite of this Alpine brittle overprint, the Variscan original fabric is only slightly disturbed in one of the sites (E14) but can be considered negligible in a regional scale. Fig. 2 a Geological map of the studied area (simplified and modified from Ternet et al. 2003) . The map shows the petrological zonation defined by Debon (1976) , the external boundary of the contact metamorphic aureola (from Ternet et al. 2003) , the location of sampling sites for AMS analyses and the attitude of structures measured in Mesozoic and Palaeozoic host rocks. Foliation trajectories have been taken from Autran and García-Sansegundo (1996) . b Density stereoplot obtained from cleavage poles in Palaeozoic units. Schmidt net, lower hemisphere, contour interval: 2%. c Density stereoplot obtained from cleavage poles in Upper Cretaceous rocks. Schmidt net, lower hemisphere, contour interval: 5%
Microstructural data
The microstructural study of granitoids is a key method to understand the relative contribution of magmatic and solidstate deformation on the origin of magnetic fabrics. Therefore, the microstructures were studied in 10 thin sections obtained from six different sampling sites (sample sites E1, E2, E7, E19, E20 and E21). These samples include biotite and amphibole and biotite-bearing granodiorites, located at the periphery and the core of the pluton and showing strong and weak magnetic fabrics.
Microstructural observations point to the existence of a weak (sample sites E2, E7, E20) to moderate (sample sites E19, E21) preferred orientation of biotite and amphibole crystals ( Fig. 4a ) that was acquired during the magmatic state. In the late magmatic cooling stage, or immediately after it, a slight (sample sites E2, E7) to moderate (sample sites E19, E21) high-temperature solid-state intracrystalline deformation developed as attested by the presence of square subgrains forming chessboard-like patterns in quartz grains (Fig. 4b ). Interfingered and sutured grain boundaries defining quartz grains of irregular shapes and sizes are also common (Fig. 4c ). This kind of microstructure is typical of high-temperature solid-state deformation due to grain boundary migration recrystallization (Kruhl 1996; Stipp et al. 2002) . Low-temperature deformation was also locally observed: deformation lamellae in quartz grains ( Fig. 4f ) and kink-bands in biotite ( Fig. 4e) (Festa et al. 2006) . Bulging recrystallization along grain boundaries is locally present (Fig. 4d) , evidencing dynamic recrystallization of quartz at low temperatures (Drury et al. 1985; Stipp et al. 2002) .
At the southern margin of the magmatic body and close to the contact with the Devonian limestones, a strongly sheared area within the granite was sampled. Here, C planes are approximately subvertical and have a N060°E strike. In thin section (Fig. 4g, h ), quartz porphyroclasts float in a fine-grained matrix, formed by pervasively sercitized felspars and chloritized biotite. The quartz porphyroclasts are affected by brittle tensional fractures developed under low-temperature conditions. Similar microstructures have been observed in the Bielsa massif (Román-Berdiel et al. 2004 ) involving fragments of the overlying Triassic units that evidence a post-emplacement reworking.
Biotite is frequently altered to chlorite, whose growth mimics the previous biotite crystallographic orientation. Therefore, low-temperature, static alteration of biotite does not modify the attitude of the original fabric.
Results: AMS analysis
Sampling and data acquisition
Samples for the magnetic fabric study were collected from 28 sites, distributed throughout the three lithological types in the Eaux-Chaudes intrusion (biotite-bearing granodiorite, biotite and amphibole-bearing granodiorite and leucogranite) (see Fig. 2a ). In 16 sites, samples were directly drilled in the field and in the 12 remaining, cores were taken in the laboratory from hand samples. A total of 288 standard specimens were analysed, obtaining an average of ten measurements at each sampling site (Table 1) . Measurements of the magnetic fabric were made at room temperature with a KLY-3S Kappa bridge (AGICO, Czech Republic). AMS measurements allow to obtain, for each specimen, the orientation and magnitude of the K 3 B K 2 B K 1 axes of the AMS ellipsoid. The K 1 and K 3 directions are parallel to the magnetic lineation and perpendicular to the magnetic foliation plane, respectively. From the individual data, the K 1 , K 2 and K 3 vectorial mean axis was determined for each site and the dispersion and reliability of this average data were obtained by means of Jelinek's maximum and minimum angles for the 95% confidence ellipse (Jelinek 1977) (Table 1 ). The maximum confidence angles of K 1 and K 3 are lower than 45°in 79 and 75% of sites, respectively, and in 68% simultaneously. Sites with confidence angles higher than 55°were rejected (5 sites for magnetic foliation and 3 for magnetic lineation). The obtained confidence angles are usually high and indicate that mineral orientation in the pluton is generally weak. K 1 e Kink-bands affecting biotite crystals (crossed nicols). Thin sections from site E19. f Lamellae in quartz (crossed nicols). Thin sections from site E21. Different aspects of the shear band in thin section (site E1), in parallel (g) and crossed nicols (h). Quartz porphyroclasts (Qz) are brittlely deformed and float in a fine-grained matrix. Alteration of biotite into chlorite (Bt-Ch) confidence angles are in general higher than K 3 confidence angles, pointing to a dominantly oblate magnetic fabric. The relationship between tensor axes, normalized by means of Jelinek's method (Jelinek 1977) (Table 1) was studied using (1) the corrected anisotropy degree, Pj, that provides a first indication of rock deformation and preferred mineral orientation, and (2) the shape parameter, T, varying between T = -1 (prolate ellipsoids) and T = ?1 (oblate ellipsoids). Pj and T parameters are defined as (Jelinek 1981) :
Magnetic mineralogy and magnetic susceptibility The magnetic susceptibility (K) of a rock is the ratio of induced magnetization (M) to an applied magnetic field (H): M = KÁH. It is computed as the arithmetic mean of the three AMS ellipsoid axes (
Bulk susceptibility (K m ) average values measured in Eaux-Chaudes intrusion range from 19 9 10 -6 SI (site E15), in the biotite-bearing granodiorite in the core of the intrusion, to 320 9 10 -6 SI (site E14, Table 1 ), in the amphibole and biotite-bearing granodiorite at the periphery. An average magnetic susceptibility of 160 9 10 -6 SI was obtained from the 28 sampling points for the whole massif. K m values are below 300 9 10 -6 SI in 94% of the specimens except in site E14. In 79% of the sites (and 70% of the specimens), magnetic susceptibility varies from 80 9 10 -6 SI to 220 9 10 -6 SI (Table 1 ; Fig. 5 ). N, number of specimens. K 1 and K 3 , mean (trend/plunge) of the magnetic lineation and of the pole of the magnetic foliation (Jelinek 1977) ; a95, maximum and minimum angles for the confidence ellipse with the 95% probability (Jelinek 1977) ; K m , magnitude of the magnetic susceptibility (in 10 -6 S.I.); Pj, corrected anisotropy degree (Jelinek 1981) ; T, shape parameter (Jelinek 1981) ; e, standard error
The bulk susceptibility map (Fig. 5) shows an approximately concentric arrangement of the contours of mean susceptibility values: low K m values are related to biotitebearing granodiorites, and magnetic susceptibility increases progressively towards the peripheral, more basic rocks (biotite and amphibole-bearing granodiorites). This general trend changes in the eastern part of the intrusion, where a low magnetic susceptibility value was obtained in the leucogranite (Fig. 5) .
Susceptibility and lithological zonation are subparallel (compare Figs. 2a, 5 ). There are only some differences near site E9, where a relatively high K m value was obtained. The following correlation can be established between magnetic susceptibility and the petrological types defined by Debon (1976) :
-K m \ 50 9 10 -6 = leucogranite -Biotite-bearing granodiorite: 80 9 10 -6 \ K m \ 180 9 10
, with an average value of 134 9 10 -6 S.I -Biotite and amphibole-bearing granodiorite: 150 9 10 -6 \ K m \ 350 9 10 -6 , with an average K m of 215 9 10 -6 S.I These magnetic susceptibility values are similar to those obtained in other paramagnetic Pyrenean intrusions such as Cauterets-Panticosa (Gleizes et al. 1998b) or Marimanha (Antolín-Tomás et al. 2009 ). K m values ranging from 150 9 10 -6 to 180 9 10 -6 S.I. appear in both granodiorite types, with a gradual transition between them.
In order to determine the carriers of magnetic susceptibility, 15 samples were chosen for thermomagnetic measurements. They include all the granitoid types and magnetic susceptibility ranges, as well as samples from sites with anomalously high or low magnetic susceptibilities. Thermomagnetic measurements show the variation in the magnetic susceptibility between room temperature to 700°C. A KLY-3S Kappa bridge combined with a CS-3 apparatus (AGICO, Czech Republic) was used for the temperature-dependent magnetic susceptibility measurements. The J m -temperature curves were performed in an argon atmosphere in order to avoid mineral oxidations during heating. The raw data were corrected and normalized for the empty furnace values.
Resulting curves can be classified in three different groups according to the geometry of the heating curves: (1) Paramagnetic curves marked by a hyperbolic geometry (Fig. 6a) ; (2) J m -temperature curves with a sharp decrease in magnetic susceptibility at *320°C (Fig. 6b) , indicating the Curie temperature (Tc) of pyrrhotite or greigite and (3) heating curves with a typical paramagnetic trend until *400°C, an abrupt increase in magnetic susceptibility from 400 to 520°C and a sudden drop between 520 and 580°C (Fig. 6c) . The rise in J m values between 400 and 580°C is probably due to the neoformation of magnetite during heating (Tc of magnetite is 580°C) from the iron existing in paramagnetic mineral phases. According to rock magnetism data, it can be established that paramagnetic iron-bearing silicates (biotite and amphibole) are the main carriers of magnetic susceptibility and magnetic fabric in the Eaux-Chaudes intrusion. Ferrimagnetic contribution is occasional (it appears in 6 of the 15 samples), and it is represented by iron sulphides which are common as accessory minerals in granitic rocks.
Magnetic fabric
Magnetic fabric results show the orientation of magnetic susceptibility carriers. The biotite AMS ellipsoid is flattened (K 1 = K 2 [ K 3 ) with a short axis K 3 approximately normal to the (001) plane and a long axis K 1 parallel to the zone axis of biotites (Borradaile and Werner 1994) . Conversely, the AMS ellipsoid of amphibole is elongated (K 1 ) K 2 [ K 3 ), with the long axis K 1 subparallel to the crystal [c] axis (Rochette 1987; Bouchez 2000) . Magnetic foliation and lineation represent, respectively, the flow plane and the stretching direction of magmas in the last stages of cooling (Hrouda 1982; Borradaile 1988; Guillet et al. 1983 ).
Magnetic foliation
Magnetic foliation trajectories are subparallel to the petrographic contacts between granodiorites in the northern and south-eastern areas of the intrusion (Fig. 7a) . Outcrop conditions did not allow to sample peripheral granodiorites along the western border. Nonetheless, K 3 direction obtained in biotite-bearing granodiorites (sites E5, E19 and E28) suggests that magnetic foliation is also parallel to the petrological contact in the West. Conversely, in the eastern part of the pluton, E-W-striking, steep South dipping magnetic foliation is perpendicular to the contacts between granodiorites and leucogranites. In the central part of the intrusion, magnetic foliation trajectories show an approximately concentric arrangement interrupted by the Cretaceous unconformity. Subhorizontal to gentle dips were obtained in most of the specimens (Fig. 7a) , whereas foliation dip increases progressively towards the periphery. Outward dips are dominant, gentler at the core and moderate towards margins. In the density stereoplot from the whole specimen data (Fig. 7a) , K 3 is distributed along a N-S-trending girdle with a weak maximum at the centre of the diagram. The girdlelike distribution suggests an arrangement around a subhorizontal to shallow-plunging ENE-WSW-trending axis.
Magnetic lineation
The orientation of magnetic lineations reflects a strong variability (Fig. 7b) . Its trend is approximately parallel to the petrographic contacts and foliation trajectories in the northern and south-eastern parts of the intrusion. Nonetheless, lineation trajectories are mainly E-W to ESE-WNW-trending inside an E-W corridor, which completely transects the petrographic contacts along the central part of the pluton. Lineations in this corridor display dominant subhorizontal plunges except at three sites (two located in the eastern side of the corridor and one in its central part), where plunges in excess of 50°have been obtained (Fig. 7b) . These steep-plunging lineations are related to steep to moderately dipping foliation planes.
Taking into account the overall distribution of the magnetic foliations and lineations, three different domains can be defined in the Eaux-Chaudes intrusion (Fig. 7b) : the northern, southern and central sectors. In the central sector, lineation distribution defines two submaxima close to 095,00 and 126,50, within an E-W-striking, steep plane. South of the central zone, the magnetic lineation is scattered (Fig. 7b) but three submaxima can be distinguished along a NE-SW-trending and SE-dipping plane, that is approximately parallel to the internal boundary between biotite and biotite and amphibole-bearing granodiorites. North of the central zone, subhorizontal lineations are dominant with submaxima distributed along a NE-SWtrending and NW dipping plane, subparallel to the internal petrographical contact in this sector (Fig. 7b) .
In the density stereoplot constructed from the whole specimen data, K 1 axes display four submaxima showing that subhorizontal E-W and ENE-WSW magnetic lineations are dominant throughout the intrusion.
AMS scalar data
A high degree of correlation between the bulk susceptibility (K m ) and the corrected anisotropy degree (Pj) or the shape parameter (T) implies an influence of the magnetic Fig. 7 Structural maps of the Eaux-Chaudes massif. Magnetic foliations (a) and lineations (b) with simplified trajectories. Grey and white symbols indicate sites where the maximum confidence angles are higher than 50°and 60°, respectively. Density stereoplots in Schmidt net, lower hemisphere, contour intervals: 1% mineralogy on the mineral arrangement (Rochette 1987; Rochette et al. 1992; Hrouda and Jelinek 1990) . Pj/K m (Fig. 8a) , T/K m (Fig. 8b) and T/Pj (Fig. 8c ) diagrams indicate that there is not a direct relationship between the degree of anisotropy, the shape of the AMS ellipsoid and the bulk susceptibility. Therefore, T and Pj are not controlled by petrographic variations. They can be interpreted as structural indicators, influenced by magma flow and tectonic activity contemporary with the pluton emplacement.
Comparison in map view between the corrected anisotropy degree (Fig. 8d) and the magnetic susceptibility (Fig. 5) underlines the lack of correlation between these two parameters. The degree of anisotropy varies from 1.098 (site E22), in the leucogranite, to 1.022 (site E11), with an average of 1.042. It is lower than 1.06 in 75% of the sites, but higher values were obtained from 5 sites. The Pj contour map shows a progressive increase in this parameter towards the eastern, western and south-eastern (Fig. 8d) , where flattening and shear increase due to the host rock influence. A low anisotropy NE-SW domain appears in the core of the intrusion, roughly coinciding with the geometry described by the magnetic foliation and lineation in this part of the magmatic body, and parallel to the eastern contact between granodiorite types.
T-parameter values range from -0.17 to 0.64 and are positive in 82% of the sites, suggesting a dominance of oblate magnetic ellipsoids in the Eaux-Chaudes intrusion (Fig. 8e) . The highest T-value has been obtained in the leucogranites.
Reliability of magnetic data: image analysis
Image analysis of dark minerals was performed in samples from five different sites (E1, E2, E16, E19 and E21), with variable anisotropy degrees (between 1.0352 and 1.096) and mineralogical contents. In the biotite-bearing granodiorites, the mean biotite content is 10.3%, whereas plagioclase, quartz and orthose represent 40.8, 30.8 and 18.1% of the mineralogical content, respectively (Debon 1976 ). In the biotite and amphibole-bearing granodiorites, paramagnetic minerals constitute 15.3% of the rock (11.4% of biotite and 3.9% of hornblende) and diamagnetic phases represent 84.7% (49.1% of plagioclase, 24.2% of quartz and 11.4% of orthose, Debon 1976) .
For each of the selected sites, bidimensional orientation analyses were applied in thin sections (Fig. 9a) and polished surfaces taken from three perpendicular planes, randomly oriented with respect to the AMS ellipsoid axes. The shape preferred orientations (SPO) of biotite and amphibole were measured using the ImageJ free software (http:// rsbweb.nih.gov/ij/index.html) (Fig. 9b ) and the intercept method (Fig. 9c , Launeau and Robin 1996; Launeau and Cruden 1998) . ImageJ allows to approximate biotite and amphibole shapes to ellipses and measure the direction of their maximum axes (Fig. 9b) . The intercept method allows to define from the analysed sections the rose of directions and equivalent ellipse (Fig. 9c) . In thin sections from sites E19 and E21, the intersection between the section surface and the cleavage planes (001) of biotites was drawn and ImageJ was used to define the bidimensional crystallographic preferred orientation (CPO) (Fig. 9d; for a thorough overview of the methodology see Oliva-Urcia et al. 2012) .
Image analysis results show that, in three of the sites (E1, E16 and E19), the AMS approximates the biotite and amphibole-preferred shape orientations (the angles between K 3 axes and the pole of the computed foliation plane range from 17°to 30°). In the two remaining sites, random results were obtained, probably due to (1) very low preferred orientation degree in the mafic minerals and (2) large grain size of biotite crystals. In these two cases, image analysis cannot be used to check the fabric obtained by means of magnetic methods.
Discussion
Interpretation of magnetic fabric and pluton structures
The microstructural, magnetic and image analysis study shows that magnetic fabrics in the Eaux-Chaudes intrusion are mainly related to the preferred shape orientation of paramagnetic, iron-bearing silicates (biotite and amphibole) that was mainly acquired during the magmatic state. A weak solid-state deformation overprints magmatic fabrics. The degree of mineral orientation is rather low as attested by microstructural observations, low Pj values, confidence angles higher than 20°in most of the sites and results of image analysis.
Foliation trajectories are generally subparallel to the boundaries between the different granitoid types within the pluton and describe an approximately semi-elliptical geometry, which probably continues below the Upper Cretaceous unconformity. This pattern resulted from the spreading of magma during its emplacement and reflects the general geometry of the partially eroded igneous body. Magnetic lineation trajectories are also subparallel to the petrographic contacts in the northern and southern sectors (see Fig. 7b ), where orientation of K 1 axes is mainly controlled by the local interaction between the magma and the host rock. However, linear patterns are oblique or subperpendicular to the eastern and western lithological boundaries, and describe a continuous band that also affects the leucogranitic outcrop. Therefore, this magnetic lineation arrangement was developed during or immediately after the emplacement of the last magma pulses. Foliation trajectories are deflected in the eastern part of the corridor (E-W-striking, steeply dipping planes) but remain parallel to the petrographical contact in the western half. The lack of geometrical relationship between magnetic lineation (and partly magnetic foliation) and the general geometry suggests that probably the fabric in this part of the intrusion reflects regional tectonic control over magma emplacement, more than local magma interaction effects.
The prevalence of magmatic fabrics over tectonic fabrics as well as the low deformation degree observed at microstructural scale implies reduced deformation rates during the emplacement and cooling of the magmatic body.
Inferred geometry
As previously said, magnetic foliation is approximately parallel to the petrographical contacts and the boundaries of the intrusion. Therefore, it is possible to reconstruct some geometrical features from the distribution of foliation trajectories. In map view, dominant NE-SW-striking planes in the northern part of the body suggest that the magmatic body spreads towards the NE below Upper Cretaceous rocks. The weak Bouguer anomaly registered in this area (Bayer et al. 1996) is consistent with the elongation of the body in this direction, as proposed by Debon and Guitard (1996) . This inferred elongation is also consistent with the distribution in map view of the two main granodiorite types (Fig. 2b) and the geometry of Pj contours (Fig. 8d) that define a NE-SW oriented area of low anisotropy degree values. This low Pj values are typical of rocks with fabrics of magmatic origin (Bouchez 1997) and delimit a less-oriented volume located in the core of the intrusion. Several leucogranite bodies show also a NE-SW elongated geometry that is analogue to the proposed geometry for the granodioritic body and similar to that observed in other Pyrenean intrusions such as Néouvielle or Bassiès (Fig. 1) .
Magnetic foliation is subhorizontal in the central part of the intrusion and shows an increasing (and mainly outward) dip towards its margins. This distribution allows to roughly reconstruct the geometry proposed in the cross-sections (Fig. 10) . In the southern half of the intrusion, the Cretaceous unconformity is eroded but a dip of approximately 15°N is inferred from geometrical constraints in the crosssection (Fig. 10) . Hence, this part of the magmatic body should be slightly tilted to the North due to Alpine thrusting.
Mode of emplacement
The average Variscan cleavage is E-W-striking at regional scale (Fig. 2b) , oblique to the inferred elongation of the magmatic body. However, in a closer view, the strike of cleavage becomes subparallel to the boundaries of the intrusion: cleavage is NE-SW-striking in the eastern part of the intrusion, ENE-WSW-striking in the southern boundary and NW-SE-striking in the western area (considering field data and previous mapping; Choukroune and Séguret 1973; Autran and García-Sansegundo 1996; Ternet et al. 2004) (Fig. 2a) . The attitude of bedding follows also the same pattern and adapts to the pluton geometry. The general parallelism among Variscan structures in the country rocks, the boundaries of the magmatic body and the internal structure of the pluton (Figs. 2a, 7a ) points to a syn-Variscan emplacement. This emplacement age is consistent with the 301 ± 7 Ma Zircon U-Pb Carboniferous age obtained for the biotite-bearing granodiorite, coeval to the last stages of the Variscan orogeny.
The last stages of the main Variscan tectonic phase were characterized as a dextral transpression in previous works (Bouchez and Gleizes 1995; Evans et al. 1997; Gleizes et al. 1998b Gleizes et al. , 2001 ). Well-defined features, related to this tectonic regime, have been observed in several large plutons such as the neighbouring Cauterets-Panticosa (Gleizes et al. 1998b ): (1) subhorizontal magmatic lineations forming sigmoidal patterns in map view, (2) WNW-ESEstriking lineation corridors with stronger orientation, (3) dextral asymmetric shadows that wrap contact metamorphic minerals and (4) subhorizontal stretching lineations in the host rocks. In the Eaux-Chaudes intrusion, the influence of the regional strain field on magnetic fabrics is not so strong and the deformation degree is lower. However, there are also some features, highlighted by means of the magnetic fabric study of the intrusion, that agree with the transpressive conditions previously defined. Dominant subhorizontal lineations, and local steeply dipping foliations, are consistent with a wrench-dominated regime (Tikoff and Greene 1997). In the central, E-W-striking domain, lineations are shallowly plunging but plunges higher than 50°have been obtained from three of the sampling sites. The existence of both shallow and steepplunging lineations agrees with a strain partitioning process that is common in transpressive regimes and could explain the existence of shear and compressive-dominated magnetic fabrics in closely spaced sampling sites.
The magnetic fabric results are in agreement with an E-W stretching direction, subparallel to the dominant magnetic lineations, and a N-S shortening, perpendicular to the main Variscan cleavage at regional scale (Fig. 11) . In the absence of clear evidence of the shear sense in the magmatic body and the country rocks, we hypothesize a dextral, WNW-ESE-trending shear (Fig. 11) as suggested by Gleizes et al. (1998b) in the adjacent CauteretsPanticosa pluton. This shear sense would be consistent with the NE-SW dominant elongation of the leucogranitic bodies and the elongation inferred for the magmatic body beneath the Upper Cretaceous unconformity. The differences between these temporary coeval (Eaux-Chaudes and Cauterets-Panticosa) and closely located magmatic bodies are probably related to the intrinsic nature of transpressional regimes, which are characterized by a heterogeneous distribution of deformation and strain partitioning processes.
The concentric pattern of magnetic foliation in the granodiorites suggests that its emplacement was related to the in situ expansion of the magma (ballooning mechanism), which probably ascended through a conduit located beneath the pluton (Fig. 10) . Magma ascent through fractures and subsequent expansion at a rheological boundary or ductile level is one of the most common mechanisms involved in the emplacement of magmatic bodies at shallow crustal levels (Corry 1988; Román-Berdiel et al. 1995) . In the southern and eastern parts of the Eaux-Chaudes pluton, the granodiorites are directly in contact with the 100-m-thick sequence of limestones of Lower Devonian age and the strike of bedding in the host rock adapts to the intrusion margin. Probably, the transition between these limestones and the underlying stratigraphic sequence (constituted by the Silurian slates and the thin flysch-like alternation of shales and limestones at the base of the Lower Devonian) constitutes an efficient rheological boundary that favours the spreading of the magma in the more ductile units below the host limestones, mainly the Silurian slates. Towards the western margin of the intrusion, magma cut across the Lower Devonian limestones and granodiorites are in contact with the overlying Middle Devonian shales. The ductile behaviour of the Silurian slates and the thin shaly-carbonatic sequence at the base of the Devonian would favour the magma lateral spreading whereas the more competent, overlying Devonian massive limestones would prevent, at least partly, its vertical growth. The Silurian acted as a detachment level of Variscan thrusts and has also been defined as the main emplacement level in other Pyrenean intrusions such as Marimanha (Antolín-Tomás et al. 2009 ). Ternet et al. (2004) propose a 100 MPa emplacement pressure from the contact aureole mineral association. These data allow to obtain an emplacement depth between 3 and 4 km (epizonal intrusion in the upper crustal levels), which is consistent with the low to absent regional metamorphism in the country rocks.
During Late Carboniferous to Permian times, volcanic bodies intruding at very shallow depths and located close to the Eaux-Chaudes pluton cut across the Variscan structures (Fig. 10) . Tertiary convergence gave finally rise to the development of the Eaux-Chaudes-Lákora thrust system (Early to Middle Eocene) and the displacement to the South of the intrusion due to the Gavarnie thrust emplacement. This movement is probably coeval with the tilting in the southern part of the magmatic body towards the North (Fig. 10) . The Alpine orogeny seems to have imprint the pluton only with brittle faults, but the fabric and pluton geometry can be considered as not modified during Alpine times.
Conclusions
The Eaux-Chaudes intrusion can be defined as a lowanisotropy magmatic body whose internal structure is in general terms not affected by the Alpine deformation. Hence, the magnetic fabric and structural data exposed in this study reveal the original Variscan features in the intrusion and allow to reconstruct the emplacement conditions and the subsequent evolution of the western part of the Axial Zone.
The zonation of low-field magnetic susceptibility (average Km = 160 9 10 -6 S.I.) is consistent with the arrangement of magmatic lithologies and points to a dominant paramagnetic behaviour in the intrusion. Temperature-dependent susceptibility measurements corroborate that paramagnetic minerals (biotite and amphibole) are the main carriers of magnetic susceptibility. In some samples, ferromagnetic contribution of iron sulphides was detected, but their influence on the general trend of the magnetic fabric is negligible.
Anisotropy of magnetic susceptibility (AMS) throughout the Eaux-Chaudes pluton reflects a dominance of subhorizontal lineations. Magnetic foliation describes the general geometry of the intrusion, and its attitude is mainly controlled by the magma spreading process. Magnetic lineation is in most of the cases E-W to ENE-WSWstriking. Its orientation in the northern and southern sectors is probably controlled by the interaction between the magma and the host rock. However, in the central part of the intrusion, magnetic lineation could reflect regional deformation conditions instead of the local influence of the country rocks.
Microstructural observations indicate that magnetic fabric was mainly acquired during the magmatic state and is consistent with the low values of the corrected anisotropy degree (Pj). The shape parameter (T) is positive in 82% of the sites, reflecting the existence of a dominantly oblate fabric in the whole intrusion. The lower confidence angles obtained for the K 3 axis than for the K 1 axis reinforce this idea.
The parallelism between magmatic structures and Variscan structures in the host rock, as well as the U-Pb Late Carboniferous age in the granodiorites, evidence a synVariscan emplacement, coeval with the last orogenic stages. In spite of low degree of anisotropy of the Eaux-Chaudes intrusion, its structural study suggests that the transpressive regime inferred for Cauterets-Panticosa granite emplacement can be extended to the western part of the Axial Zone. Nevertheless, the imprint of this transpressive regime is not so strong in this sector, probably due to heterogeneous distribution of the deformation across the Axial Zone.
